A continuous reactor was used to examine the effect of pressure on biodiesel production using a supercritical tert-butyl methyl ether (MTBE) at the pressure range of 10-30 MPa and temperature range of 300-400 °C. The effect of pressure on reaction rate as well as final product composition was negligible for the conditions employed here. This negligible effect could be explained by the almost constant density of MTBE. The pre-exponential factors and activation energy for each reaction step as well as its reverse reaction have been determined.
Introduction
To date, research on renewable energy has increased due to the worldwide energy problems of global warming, air pollution, and the depletion of fossil fuels. Biodiesel, which is derived mainly from biomass such as vegetable oil, animal fats, and microalgae, is a promising candidate for renewable energy. Biodiesel has low particulate matter and CO exhaust emission, it has a high flash point, and its physico-chemical properties are similar to those of conventional fuel 1) 2) . For these reasons, there is a high potential for biodiesel to be used as a substitute for petroleum diesel fuel.
In developing countries such as Indonesia and Thailand, biodiesel is produced mainly via a homogeneous alkali-catalyzed transesterification process due to the wide availability of catalysts such as potassium and sodium hydroxide. However, this method is problematic due to the sensitivity of these catalysts to the presence of water and free fatty acids (FFAs) of feedstock, which results in a saponification reaction and lower biodiesel yield 3) . Several approaches have been used to overcome this problem, including a two-step method in which acid and alkaline catalysts are applied in turn, lipase catalyst utilization, and solid catalyst utilization 4) .
Another approach involves the utilization of supercritical alcohol. Saka's group at Kyoto University has published a series of pioneering studies 5) . Our laboratory has developed a method for non-catalytic biodiesel production using supercritical tert-butyl methyl ether (MTBE) 6) . This novel method could not only overcome the problem of saponification and lower yield, but it could also produce a higher value by-product, i.e., glycerol tert-butyl ether (GTBE). GTBE has a higher value than glycerol because it has a high cetane number and a good ability to blend with diesel fuel
However, the effect of pressure on biodiesel yield using supercritical MTBE has not been sufficiently examined. Previous studies on biodiesel production with supercritical alcohol illustrated the specific effect of pressure. For supercritical methanol, He et al. 9) investigated the effect of pressure at 280 °C and an oil-tomethanol molar ratio of 1:42. They reported that pressure significantly affected the yield in the pressure range from ambient pressure to 25 MPa. Above 25 MPa, the effect of pressure on biodiesel yield was negligible. Warabi et al.
10)
also investigated the effect of pressure on supercritical alcohols. They found that at a temperature of 300 °C, the effect of the reaction pressure did not result in a significant increase in reaction rate when the reaction pressure was higher than 20 MPa. For supercritical dimethyl carbonate, Ilham and Saka 11) found that the fatty acid methyl ester (FAME) yield increased with a pressure rise from 5 to 20
MPa at a constant temperature of 300 °C, but the increase was negligible at a pressure above 20 MPa. Goembira and Saka 12) also investigated the effect of pressure on FAME yield using supercritical methyl acetate. They found that the conversion of oil to biodiesel increased as the pressure rose from 5 to 20 MPa, but the conversion remained constant when pressure was increased from 20 to 30 MPa.
Thus, it appears that at lower pressure, a pressure increase results in an increase in FAME yield, but at high pressure, a pressure increase no longer affects the yield. The investigation of the pressure effect is essential for biodiesel production under supercritical conditions, but as of yet there is no report on supercritical MTBE. Therefore, the purpose of this study is to obtain a better understanding of the effect of pressure on biodiesel yield using supercritical MTBE.
Materials and Methods

Experimental apparatus and procedure
The experimental apparatus consisted of a high pressure pump, a spiral reactor, a ceramic microheater, a filter, and a back-pressure regulator. This apparatus is schematically illustrated in Fig. 1 . Table 1 .
The residence time was determined using Eq. (1), taking the reactor volume, the density of the canola oil and MTBE at the reaction temperature and pressure, and the mass flow rate of the canola oil and MTBE into consideration. It was assumed that there was no volume change caused by mixing.
Analysis
Gas chromatography (GC-390B; GL Sciences) equipped with an MET-Biodiesel column with an integrated 2 m guard column (Sigma Aldrich, 28668-U) and a flameionization detector (FID) was employed to analyze the products. Argon was used as the carrier gas. The temperature program began at 50 °C and the temperature was held for 1 min. The temperature was raised at 15 °C/ min to 250 °C and was kept at this temperature for 10 min.
Finally, the temperature was raised to 380 °C at 15 °C/min and was held for 5 min. The temperatures of the injector and detector were both set at 380 °C. Both standard and sample injection volumes were 1 μL, and peak identification was carried out via a comparison of retention times between the standard and sample compounds. Tricaprin was used as an internal standard.
Experimental FAME yields were calculated by dividing the moles of FAME product by the moles of fatty acid groups in the initial triglyceride (TG), as shown in Eq. (2).
(Product yield) = (2)
Reagents and materials
All reagents were used without further treatment.
The canola oil feedstock was a commercial one produced by J-Oil Mills (Tokyo, Japan (Japan), and TCI, respectively. The GTBE standard was purchased from Sigma-Aldrich, Co. The reagents used for GC standard preparation (tricaprin and n-hexane) were of analytical grade.
Results and discussion
Effect of pressure on FAME yield
To investigate the effect of pressure on FAME yield, the transesterification of canola oil and MTBE was carried At 10 MPa, a longer reaction time and a higher temperature resulted in a higher FAME yield. It is observed that at 300 and 350 °C, FAME yields were still relatively low. FAME yields of 0.45 and 0.53 mol/mol were obtained within 25 min at 300 and 350 °C, respectively.
The complete conversion to FAME was observed at 400 °C.
Under this condition, an FAME yield of 0.99 mol/mol was obtained in the short reaction time of 5 min.
At 20 MPa, a slight change in the conversion of canola oil to FAME was observed at the milder temperature, i.e., 350 °C. At this temperature, FAME yields of about 0.79 and 0.87 mol/mol were obtained after transesterification times of 20 and 25 min, respectively.
Transesterification was almost complete within 30 min, with almost all canola oil converted to FAME. At 400 °C, the complete conversion was observed in the initial time of 5 min and the yield was relatively constant thereafter.
At 30 MPa, the FAME yields obtained were almost the same as 20 MPa at the same temperature and residence time. Again, at 400 °C, complete conversion was observed in 5 min.
Concentration change with time
To quantitatively evaluate the effect of pressure, the concentration change over time should be discussed.
Concentration changes of TG, GTBE, and FAME at 300, 350, and 400 °C are shown in Figs. 5, 6, and 7, respectively.
As is expected, TG concentration decreases with residence time, while that of GTBE and FAME increases. At any temperature, the effect of pressure is not clearly observed. This may appear surprising, considering that transesterification reaction proceeds between TG and MTBE, and thus the reaction order should be higher than unity. However, the density change of MTBE corresponding to the pressure change employed here is at most 6 %. This explains why the pressure effect was not observed in this study. It could be also noticed from Figs. 5-7 that the effect of pressure on intermediate compounds concentration was also negligible. At 300 °C, the concentrations of DGE and MGE were relatively constant with time. At 350 and 400 °C, the DGE and MGE concentrations increased up to 5 min but decreased afterward, indicating that these compounds were converted into FAME and GTBE.
Effect of pressure on reaction kinetics
The kinetics of canola oil conversion to FAME has been reported in our previous paper 4) . However, the effect of pressure on reaction kinetics has not been reported yet. Briefly, the transesterification of canola oil with MTBE is assumed to occur in three consecutive reactions, as presented in Fig. 8 . In the first step, TG reacts with MTBE to generate FAME and diglyceride mono tert-butyl ether (DGE). The intermediate DGE then reacts with MTBE to generate FAME and monoglyceride di tert-butyl ether (MGE). Lastly, the reaction of MGE and MTBE yields FAME and GTBE.
Having deduced the reaction mechanisms above, the next step is to fit the experimental data with a kinetic model with the aim of elucidating its kinetic parameters.
The rate equation for each reaction shown above is assumed to follow second-order kinetics, and the rate of change in concentration can thus be expressed by the differential rate equations shown in Eqs. (3) -(8). The least-squares error (LSE) method giving the best fitting between experimental and calculated values was used for the determination of the rate constants. Table 2 shows the kinetic parameters identified for the reaction pathways. All of the reaction rate constants increased with temperature, as expected. However, the reaction rate constants were not affected significantly by pressure.
Having determined the reaction rate constants at different temperature, the activation energy and preexponential factor were calculated via an Arrhenius equation. By assuming there is no pressure effect, the Arrhenius plot was derived by taking the average reaction rate constants of all pressures. The Arrhenius plots of the individual rate constants are shown in Fig. 9 . Table 3 shows the activation energy (Ea) and pre-exponential factor (A) for the detailed kinetic analysis. Activation energies between 31.83 and 100.19 kJ mol -1 were determined. Concentration changes of TG, GTBE, and FAME were calculated using these reaction parameters. The results are shown in Figs.
5-7 by a smooth line. The agreement between calculation Fig. 8 Reaction mechanism of biodiesel production using MTBE
and experimental results is good that was proven by the high value of coefficient of determination (r 2 = 0.9864) as shown in Fig. 10 . In addition, the effectiveness of the reaction rate parameters shown in Table 3 is clear.
Two more points should be mentioned regarding MPa) and ethanol (6.14 MPa) supports this idea. In terms of reduced pressure, the pressure range employed in this study is almost twice as large as those employed in the previous studies. Experiment at lower pressure should be interesting, and it will be our next target. What we want to point out here is that for the pressure range usually employed in the supercritical biodiesel production, no effect is observed for MTBE, which is different from the alcohols.
Effect of pressure is sometimes discussed in relation with the solubility of oil to the solvent. However, it is for the subcritical region that phase separation is discussed, and in supercritical reactions discussed here, single phase reaction should be safely assumed.
Second, complete conversion of TG into FAME at sufficiently long residence time indicates that reaction equilibrium was on the FAME production side for the reaction system employed here. The oil-to-MTBE molar ratio of 1:40 employed in this study explains this. When a complete reaction takes place, the reaction between TG and MTBE to produce GTBE and FAME consumes 4 molecules to produce 4 molecules. Thus, this reaction equilibrium should not be affected by pressure. Therefore, it is reasonable to conclude that pressure has no effect on the final reaction product composition observed here.
Conclusions
The effect of pressure on biodiesel production using supercritical MTBE using a continuous reactor was examined. The pressure was changed in the range of 10-30 MPa at a temperature range of 300-400 °C. The effect of pressure on reaction rate as well as final product composition was negligible for the conditions employed here.
This negligible effect could be explained by the almost constant density of MTBE. The pre-exponential factors and activation energy for each reaction step as well as its reverse reaction have been determined.
